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Abstract We studied the partial substitution of Ag 
in the noncentrosymetric superconducting compounds 
LigPd3_,Ag,B with x=0.0, 0.1 and 0.3. Magnetization, 
resistivity and specific heat measurements were per- 
formed in this system. From electrical measurements 
we obtained the critical temperature T.. The upper 
critical field at zero temperature was determined with 


Werthamer-Helfand equation, yo HY “" (0), and po Higrea” 


and the coherence length, €(0). The Value of uo H!3"°*" (0) 
and uo HY" (0) is lower than the calculated paramag- 
netic Pauli limit suggesting that the spin-triplet pair- 
ing is weak in the system. From specific heat measure- 
ments we obtained the parameters of the normal state; 
the Sommerfeld coefficient, y, the electronic density of 
states at the Fermi level, N(Er) and the Debye tem- 
perature, 0p. In the superconducting state the obtained 
values were; AC /yT., the electron phonon coupling, 
Ae—ph, the superconducting energy gap, 24o, and the 
ratio 2A /kgT.. The electronic specific heat is well de- 
scribed by the BCS theory, suggesting that the energy 
gap is isotropic and in a strong coupling state. 


Keywords Superconductivity, Noncentrosymmetric, 
Specific heat 


1 Introduction 


Since the discovery of superconductivity in 1911, the 
search for novel superconductors specially materials with 
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higher critical temperatures have been carried out in- 
tensively. Superconducting materials can be classified in 
many categories: metal-based system, copper-oxygen, 
and iron pnictides/chalcogenides (iron-based supercon- 
ductors), and others [1]. 

For instances, Iron-based superconductors are ideal 
candidates for several applications of superconductiv- 
(Qy: wires, tapes, and coated conductors for high mag- 
netic fields. The pollycrystalline compound FeSe, is an 
interesting material for bulk applications like supercon- 
ducting trapped-field magnets or super-magnets [2-4]. 

Superconductivity in materials without inversion sym- 
metry exhibit engaging properties because a strong mod- 
ification of the electronic band structure caused by an- 
tisymmetric spin-orbit coupling ASOC [5]. It has been 
shown that ASOC acts unfavorable on spin-triplet pair- 
ing states [6]. For spin single states the influence of 
ASOC is minor. The presence of ASOC leads to a split- 
ting of the electronic bands by lifting the spin degen- 
eracy and consequently splitting the Fermi surface. In 
noncentrosymetric superconductors the two electronic 
bands forming Cooper pairs belong to two different 
Fermi surface corresponding to the spin-up and spin- 
down bands [7]. The presence, or absence of inversion 
symmetry may leads to a mixture of spin-singlet and 
spin-triplet coupling [7-11]. Depending on the type of 
the pairing interactions, the gap function may be char- 
acterized by the presence of line nodes [9]. 

Noncentrosymmetric heavy fermion superconductors 
such as CeRhSig [12], CelrSi, [13], UIr [14], CePt;Si [15, 
16] have attracted attention because the unconventional 
behavior in these strongly correlated electronic com- 
pounds. On the other side, transition-metal compounds 
like Li,Pd,B [17], LigPd3_,,Cu,B with x=0.0, 0.1 and 
0.3 [18], Li, PtsB [19], Mg, olr;9Big [20], Rh Gag, Ir Gag 
[21], Nbo.1ı8R€o.s2 [22] are more suitable for exploring 
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the issue of inversion symmetry breaking. In previous 
reports, the ternary metallic borides Li, Pd3B were clas- 
sified as noncentrosymetric conventional superconduc- 
tor without strong electronic correlation [17, 23, 24]. 

One antecedent different to this issue is that the well 
known ternary metallic boride Li,Pd3B, discovered by 
Togano with transition temperature about 8 K [17], was 
classified as noncentrosymetric conventional supercon- 
ductor without strong electronic correlation [23,24]. 

In this study we present the effect of substitution of 
Pd with a nonmagnetic element, in an early reported 
[18]. We choose the substitution of Pd with Ag, a non 
magnetic element. The reason was because is isostruc- 
tural and the atomic ratio of Ag is bigger than Pd. The 
difference in the atomic ratio should generates a inter- 
nal pressure effect in the unit cell and modify the super- 
conducting properties. In this work we study the char- 
acteristics of this compound: crystalline structure, mag- 
netic and electronic specific heat Li,Pd;,Ag,B with 
three Ag compositions; x=0.0, 0.1 and 0.3. We com- 
pare and observe the Pauli limit with the upper critical 
field because is a criterion related to the importance of 
the spin-triplet piring component. We estimate the pa- 
rameters of the normal and superconducting state, and 
the strength of the electron-phonon coupling. 


2 Experimental details 


Polycrystalline samples of Li,Pd,_,Ag,B with three com- 
positions; x=0.0, 0.1 and 0.3 were synthesized by two 
steps in an arc-melting apparatus in order to minimize 
losses of Li by evaporation. Stoichiometric samples were 
prepared using 20% of Li (99 +%) excess, Pd (99.95%), 
Ag (99.95%) and B (99.99%) powders as precursors. 
The melting was performed in a chamber with high 
pure argon atmosphere. X ray diffraction patterns were 
measured at room temperature in a Siemens (D5000) 
diffractometer with Co Ką radiation (\=1.79026 A) 
and Fe filter in steps of .015° at 8 s in the 20 range of 
20°-110°. Rietveld analysis of the diffraction patterns 
were performed with MAUD program [25]. 

Electrical resistance versus temperature R(T) and 
magnetic field were measured in a Physical Proper- 
ties Measurement System, PPMS (Quantum Design). 
R(T) without magnetic field were measured from 300 
K to 2 K. The magnetoresistance measurements were 
determined between 2 K and 10 K with applied mag- 
netic field between 0 and 40 kOe. Magnetization mea- 
surements were determined in a MPMS magnetome- 
ter (Quantum Design). Temperature dependence of the 
magnetic susceptibilities were investigated under zero 
field cooling (ZFC) and field cooling (FC) modes. 


Specific heat measurements were determined using 
a relaxation method between room temperature and 2 
K in the PPMS system. The sample was attached to 
the measuring stage using Apiezon N grease to ensure 
a good thermal contact. The contribution to the heat 
capacity of the sample holder and grease was subtracted 
from the sample measurements. 


3 Results and discussion 
3.1 Structural characterization 


X-ray diffraction patterns for the polycrystalline sam- 
ples Li,Pd;_,Ag,B with the three compositions: x=0.0, 
0.1 and 0.3 are shown in Figure 1. The main features 
of the patterns correspond to a cubic structure P4332. 
A small amount of impurities Pd,B; (*) and PdB, (7) 
were detected. It is worth mentioning that PdB, is non- 
superconducting [26]. 
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Fig. 1 X-ray diffraction patterns for Li,Pd3_.Ag,B with 
x=0, 0.1 and 0.3. The reflections observed at 39.3° correspond 
to a tiny impurity of PdgB, and PdB, respectively. 


The X-Ray diffraction patterns were Rietveld-fitted 
considering the possibility that Ag ions can occupy Pd 
sites. Figure 2 shows the refined pattern of Li,Pd, Ago. ,B 
sample. Vertical lines, at the bottom of the panel are the 
reported reflections (ICSD 84931), the Miller indexes of 
each plane are indicated. 

The structural parameters and R-factors are sum- 
marized in Table 1. The structural parameters and R- 
factors obtained from the Rietveld analysis, for the three 
samples in study, shows increase of the lattice param- 
eter, a, as the nominal concentration of Ag increases. 
This results from the atomic radius difference between 
Pd (1.28A) and Ag (1.34A). This certainly suggests 
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Fig. 2 Rietveld results for the Li Pda ,Ag, ,B sample along 
with experimental (black line) and calculated pattern (red 
line). Vertical lines are the reflections of Li, Pd,B and Pd.B,. 
The line at the bottom is the difference between experimental 
and refined pattern 


that Ag has substituted Pd in the Li Pda „Ag,B with 
x=0.0, 0.1 and 0.3 system. At concentrations x>0.3 
traces of Ag were detected, so we considered just x= 
0.0,0.1 and 0.3. 


Table 1 Structural parameters obtained from the Rietveld 
fitting of the X-ray diffraction patterns of the studied com- 
pound with Ag at 295 K. 








x=0.0 x=0.1 x=0.3 
a (A) 6.7427(3) 6.7548(3)  6.7637(9) 
vV (A3) 306.6 308.2 309.4 
Rw(%) 15.82 16.28 14.34 
Ry(%) 12.28 12.72 11.08 
Rexp(%) 10.87 11.98 10.37 
x?(%) 1.45 1.35 1.38 
LizPd3_xAgxB (%) 90.5590 97.5043 80.1257 
BoPds (%) 9.4490 2.4956 19.0506 
Pd2B (%) - - 0.8235 





3.2 Magnetic and electrical measurements 


Magnetization curves in zero-field-cooling (ZFC) and 
field-cooling (FC) modes as function of temperature un- 
der 20 Oe applied magnetic field are shown in Figure 3. 
A drop of magnetization below 8 K was observed for the 
samples in this work. The critical temperature, Te, was 
determined as the onset of the transition. The super- 
conducting transition decreases gradually with doping 
of Ag. The samples in studied present a low fraction 
corresponding to the Meissner efect (FC) comparable 
to the shielding effect (FC) which is common to see in 
bulk pollycrystalline metallic superconductors [17,19]. 
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Fig. 3 Magnetization as a function of temperature of 
Li,Pd3_,Ag,B at constant magnetic field of 20 Oe. 


The electrical resistance as a function of tempera- 
ture R(T) from 2 to 300 K of the parent compound, 
Li,Pd3B is shown in Figure 4. The resistance shows 
a small decreasing behavior below room temperature. 
The residual resistance ratio (RRR = Rsoox«/Rsx) is 
indicated. The RRR values provide a qualitative infor- 
mation about electron scattering by impurities and va- 
cancies. For the samples studied the RRR values were 
1.5, 3.0 and 2.9 for the three compositions (x=0.0, 0.1 
and 0.3) those values are in the range of 1.4 to 6.5 of the 
reported values for Li,Pd3B [23,17]. The small value of 
RRR obtained in this study could suggests that the 
normal-state resistivity has a weak temperature depen- 
dence on the electrical transport and very sensitive to 
impurities and disorder. 
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Fig. 4 Resistance vs Temperature of Li,Pd,B, the resid- 
ual resistance ratio (RRR) of this sample is 1.5. The inset 
shows the normalized resistance R/R(8K) curves above 2 K 
and up to 8 K, close to the superconductor transition, of the 
measured samples 


A.A. Castro et al. 





The inset of figure 4 shows the normalized resistance 
with resistance value at 8 K. The superconducting tran- 
sitions are sharp with a transition width of 0.21 K for 
the samples under study. The critical temperature was 
determined in the point at which the first derivative 
of the R(T) curve reaches its maximum value. The T, 
values are 7.51 K, 7.19 K and 6.99 K for samples with 
x=0.0, 0.1 and 0.3 respectively. It can be seen that Te 
decreases as the Ag content increases. 

The resistance as function of temperature and mag- 
netic field for the three studied samples in the 2-8 K 
temperature range under 0-4 T magnetic field is shown 
in Figure 5. The transition to the superconducting state 
is shifting to lower temperatures under the increase of 
DC magnetic field. From this curves we extracted the 
variation of the Te with the applied field shown in Fig- 
ure 6. The extrapolation of the linear fit of data the 
upper critical field at T = 0 K, H/{°*"(0), with values 
of 6.0+0.3, 5.2+0.1 and 5.1+0.1 for the three samples. 
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Temperature (K) 
Fig. 5 Magnetoresistance measurements with temperature 
and magnetic field for Li,Pd3_,Ag,B (a) x=0.0, (b) x=0.1 


and (c) x=0.3. The symbols indicate the applied magnetic 
fields for the three samples. 


The upper critical field at 0 K was estimated using 
the Werthamer-Halfand-Hohenberg theory [27]: 





dH. 
H= (0) = 0.0937, ( za) , (1) 
T=T. 


this theory has been employed in several studies of 
noncentrosymmetric superconducting systems [18—20, 
22,23,28]. 

The values of yo HY # (0) obtained are 4.95 T, 4.43 
T and 4.29 T for x=0.0, 0.1 and 0.3 respectively. The 
value of oH)" (0) (4.95 T) for the sample Li,Pd,B 
is comparable with the reported value of 4.8 T [17]. 
From the fo H""(0) values we calculate the coher- 
ence length, €(0), using the Ginzburg-Landau equation: 


Po 


He(0) = DnE’ (2) 


where o = 2.0678 x 10715 T m? is the magnetic flux 
quantum. The values of éo are 8.17, 8.64 and 8.78 nm 
for x=0.0, 0.1 and 0.3, respectively. 








Temperature (K) 


Fig. 6 Upper critical field as a function of tempera- 
ture determined from magnetoresistance measurements of 
Li, Pd,_, Ag, B (x=0.0, 0.1 and 0.3). The continuous lines are 
linear fit of data and its extrapolation to T = 0 K gives the 
values of H!trear(Q) 


The obtained Pauli limit field, wg HP?” = A0/uB V2 
[29], takes values of 17.83 T (x=0.0), 16.91 T (x=0.1) 
and 17.77 T (x=0.3). It is noteworthy, that these val- 
ues are higher that the values obtained from the upper 
critical fields. Accordingly, if the upper critical field in a 
single crystal exceeds the Pauli limit this suggests and 
implies a substantial contribution from the spin-triplet 
component to the pairing amplitude, presumably be- 
cause broken inversion symmetry [22]. However, in this 
study the Pauli limiting field is greater than the upper 
critical fields uoHe2(0)VYĦĦ# and poH-2(0)""*", sug- 
gesting that the Cooper pairs are in spin-singlet state. 
The upper critical fields values obtained from a linear 


Superconductivity in the noncentrosymetric LigPd3_,Ag,B with x=0.0, 0.1 and 0.3 





extrapolation and the WHH theory shows a decrease 
while increasing Ag substitution: As a result a increase 
in £o values is obtained for the samples in study. 


3.3 Specific heat 


In the normal state, above the transition temperature, 
the specific heat data is well fitted by a sum of the 
electronic and lattice contribution [30]: 


Cp = 70 + BT. (3) 


A linear fit to C,/T vs T? plot of the Li Pdz. Ag,B 
with x=0.0, 0.1 and 0.3 are shown in Figure 7 yield- 
ing the Sommerfeld coefficient y and the Debye con- 
stant 8. For the sample without Ag the value of y is 
1.26 mJ/molK?, this value is a little bit higher than 
the reported previously, which varies from 8.3 to 9.8 
mJ/molK? [31,32]. From the value of 3 we estimate 
the Debye temperature using the relation 


12n74*R 3 
= (2) 


where n is the number of atoms per formula unit. The 
value of 6p for the Li,Pd3B sample is 207.8 K, which 
agrees with the reported values of 221 K [31] and 202 
K [33]. On the other hand using the experimental Som- 
merfeld constant y, the electronic density of states at 
Fermi level N(Ep) can be deduced using the formula: 


3y 


N(Er) = >=: 
ee) nk Na 


(5) 
kpg is the Boltzmann’s constant and N4 the Avogadro’s 
number. The parameters obtained are shown in Table 
2. It can be seen that there is a non-monotonic vari- 
ation of N(E'r) and y as the concentration of Ag is 
increased. This may be due to the impurity of B.Pd; 
on the sample Li,Pd, 7Ago 3B. 

In the inset of Figure 7, C,/T vs T is plotted detail 
of the specific heat jump at the thermodynamic transi- 
tion. 

From the critical temperature Te and Debye temper- 
ature 0p, we can estimate the electron-phonon coupling 
constant Ae—pp with the Mc Millan’s relation [34] given 
below 


1.04 + p* In(Op/1.45T.) 
1 — 0.62y*) n(@p /1.45T.) — 1.04 





Ae—ph = (6) 
( 

where u* represents the screened repulsive Coulomb 

potential, usually in the range 0.1-0.15, in this work 

we used the value of 0.13. This value is normally used 

for intermetallic superconductors [31,34]. The values of 

Ae—ph Obtained in this study range from 0.84 and 0.81 
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Fig. 7 C,/T versus T? curves of Li,Pd,_,Ag,B; (a) x=0.0, 
(b) x=0.1 and (c) x=0.3. The solid line represents a linear 
fit to the specific heat in the normal state. The inset shows 
Cp/T versus T to determine the specific heat jump at the 
superconducting transition. 


for different contents of Ag. The value reported for the 
Li,Pd3B compound is Ae—phn = 1.09 [31], which is higher 
that the obtained in this work. The values of Ae—ph 
are shown in Table 2 and allows to classify the system 
Li,Pd,.,Ag,B with x=0.0, 0.1 and 0.3 in a moderated 
coupled superconductor state. 

At low temperatures the specific heat fit well to an 
exponential decay [35]: 





-A 
Cy = Cy + Aep (7 2), (7) 
B 


where Co is assumed as background of Cp. In order 
to determine the superconducting energy gap, 240, the 
C,(T) data were fitted with equation 7. The fit is shown 
as a continuous line in Figure 8. The obtained values of 
the superconducting gap, 24o and 2A9/kgTc for the 
samples under study are shown in Table 2. 

Several values of the superconducting energy gap of 
Li,Pd3B have been reported, from 2.55 to 3.2 meV [31, 
32,36], the value of 24o = 2.92 meV, obtained in this 
work, agrees with these values. The values of 240/kgTe 
obtained in this work increase from 4.60 for x=0.0 to 
5.03 for x=0.3, these values are higher than the value 
predicted by BCS, 2Ao/kpT. = 3.52, and to the re- 
ported value of 3.94 [31]. Our results indicate that the 
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Fig. 8 Cp versus T curves of Li, Pdz. „Ag„B; (a) x=0.0, (b) 
x=0.1 and (c) x=0.3. The solid line represents a linear fit to 
equation 7. 


system Li,Pd,,Ag,B with x=0.0, 0.1 and 0.3 is a su- 
perconducting system with strong electron-phonon cou- 
pling. 


The specific heat jump at Te, AC/yT. determined 
from Cp(T) data are lower than the BCS predicted 
value, 1.43, and to the reported values in Li,Pd,B [31, 
32,36] that varies from 1.6 to 2. Differences of AC/yT. 
between different reports may be due to the difficulties 
in achieving the stoichiometry of Li and disorder in the 
samples. 


We compare the results obtained in this work with 
the other published Li,Pds3_,Cu,,B with x=0.0, 0.1 and 
0.2, where the lattice parameter decreases, a, as the 
nominal concentration of Cu increases. It is clear that 
the substitution of Pd with Ag and Cu generates an 
internal pressure in the unit cell and therefore a decre- 
ment of Te, which can be related with a decrease in the 
2A(0). 


Table 2 Parameters obtained from the specific heat of the 
system LigPd3_,Ag,B (x=0.0, 0.1 and 0.3); Sommerfeld co- 
efficient y, density of states at Fermi level N(Er), Debye 
constant 3, Debye temperature 0p, transition temperature 
Tc, specific heat jump at Tc divided by yTco AC/7Tc, 
electron—fonon coupling constant Ae—ph, superconducting 
energy gap 2A(0) and the ratio 2A/kpTc . 






































x 0.0 0.1 0.3 
y (nJ/mol K?) 11.260.351  8114£0.37  17.4840.26 
N(Br) (eV~!) 2.43+0.065 1.720.078 3.700.055 
B (mJ/mol KË) 1.340.004 1.2240.005 1.380.004 
Op (K) 208 212 204 

To (K) 7.36 6.89 6.72 

AC/7Tc 0.9640.03  1.1440.05 —0.89+0.01 
Reng 0.84 0.81 0.82 

2A(0) (meV) 2.9240.03 2.7740.02  2.91+0.04 
2A(0)/kpTc 4.604 0.03 4.674 0.03 5.0340.07 














4 Conclusions 


In this work we reported the synthesis of three poly- 
crystalline samples of Li,Pd3_,Ag,B with compositions: 
x=0.0, 0.1 and 0.3 prepared by arc melting technique. 
Rietveld analysis of the X-ray diffraction patterns shows 
an increase in lattice parameters as Ag content increases. 
Magnetization, electrical transport and specific heat mea- 
surements confirms that the superconducting transi- 
tion temperature, Te, decreases as the content of Ag 
is increased. The upper critical fields oH" (0) and 
uo Hiner (0) are lower than the Pauli limiting field which 
suggests that the pairng is in a spin-singlet state. The 
behavior of the low-temperature specific heat, allows 
to classify this system as a superconductors with an 
isotropic energy gap as a conventional BCS supercon- 
ductor, where the ratio, 2Ag/kgT., values are indica- 
tive of strong coupling, contrary to the determined in 
other studies already published. We noted than Ag susti- 
tution decreases the electron N(Ep), observed in the 
decreasing of the energy gap. For the two compounds 
with Ag the evidence is not so clear because we found 
small impurities. However in the most pure sample the 
effect is quite clear. 
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